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Nicolas J. Pizzala, Jay S. Bhanot, lan J. Carrick, Eric T. Dziekonski“® and
Scott A. McLuckey 2 *

A forced, damped harmonic oscillator model for gas-phase ion parking using single-frequency resonance
excitation is described and applied to high-mass ions of relevance to native mass spectrometry.
Experimental data are provided to illustrate key findings revealed by the modelling. These include: (i) ion
secular frequency spacings between adjacent charge states of a given protein are essentially constant and
decrease with the mass of the protein (i) the mechanism for ion parking of high mass ions is the separ-
ation of the ion clouds of the oppositely-charged ions with much less influence from an increase in the
relative ion velocity due to resonance excitation, (iii) the size of the parked ion cloud ultimately limits ion
parking at high m/z ratio, and (iv) the extent of ion parking of off-target ions is highly sensitive to the bath
gas pressure in the ion trap. The model is applied to ions of 17 kDa, 467 kDa, and 2 MDa while experi-
mental data are also provided for ions of horse skeletal muscle myoglobin (=17 kDa) and p-galactosidase
(~467 kDa). The model predicts and data show that it is possible to effect ion parking on a 17 kDa protein
to the 1% charge state under trapping conditions that are readily accessible with commercially available
jon traps. It is also possible to park p-galactosidase efficiently to a roughly equivalent m/z ratio (i.e., the
26" charge state) under the same trapping conditions. However, as charge states decrease, analyte ion
cloud sizes become too large to allow for efficient ion trapping. The model allows for a semi-quantitative
prediction of ion trapping performance as a function of ion trapping, resonance excitation, and pressure

rsc.li/analyst conditions.

Introduction

Electrospray ionization (ESI)' has been among the most
impactful developments in mass spectrometry (MS) in the past
five decades by virtue of the wide range of important appli-
cations that it has enabled. The ability to generate ions directly
from solution provides means for producing ions from polar
non-volatile molecules that greatly facilitates the coupling of
condensed-phase separations, such as liquid chromatography>
and capillary electrophoresis,® with MS as well as a soft ioniza-
tion approach for many classes of polymers,* including biopo-
lymers,” and complexes derived therefrom.®” A hallmark of
ESI is its tendency to generate multiply-charged ions from
molecules with multiple polar sites. The multiple-charging
phenomenon has profound implications for MS and tandem
MS (MS/MS). For example, multiple-charging reduces mass-to-
charge (m/z) ratios, which reduces the upper m/z requirement
for the mass analyzer, allows for higher mass resolution
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measurements for analyzers that provide better resolution at
low m/z (e.g., Fourier transform ion cyclotron resonance
(FTICR)® and Orbitrap™?® mass analyzers), and improves detec-
tion efficiency both for approaches based on image current
measurements, such as the FTICR and Orbitrap™, and for
approaches that rely on electron multiplication.'® The mul-
tiple-charging phenomenon also affects the kinetic stability of
the molecule-ion as well as the favored dissociation channels
such that tandem mass spectra, and the structural information
derived therefrom, are charge-state dependent.’* These conse-
quences of multiple charging generally facilitate the determi-
nation of the masses and primary structures of analyte ions
and can motivate the use of conditions that maximize the
charge state.'>"® Furthermore, under appropriate conditions,
charge state distributions can reveal conformational states in
solution."""®

The multiple-charging phenomenon associated with ESI
can also present measurement challenges. For example, it
introduces ambiguity in determining mass from the measure-
ment of m/z due to the fact that both mass and charge are, a
priori, unknown. For this reason, charge state determination is
an essential element in many applications of ESI MS(/MS). A
variety of approaches have been developed to determine the

This journal is © The Royal Society of Chemistry 2024
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charge states of ions generated via ESI. It was shown early in
the application of ESI to proteins that the presence of two or
more ions from the same molecule with known differences in
mass and charge allows for the determination of ion charge
via the solution of a set of simultaneous equations."® Several
algorithms have since been described that can be used to auto-
matically determine the mass of an analyte from the most
probable charge state distribution.'”"'® A variety of approaches
have been used to reduce charge states to facilitate their
resolution so that they can be identified. Many involve altering
solution conditions, such as the use of additives, to shift
charge state distributions to lower values.'®*° The exposure of
electrospray droplets to acids or bases has been shown to be
effective in reducing charge states’’* and the use of gas-
phase ion/molecule reactions for charge state reduction has
been described.>**® The most robust means for charge
reduction in the gas phase is via ion/ion reactions either prior
to sampling ions into a mass spectrometer>’>° or within the
mass spectrometer.’®*" Ton/ion reactions are capable of redu-
cing charge states to arbitrarily low values®*?* and have been
demonstrated to be useful in addressing the charge-state
overlap problem associated with mixture analysis®** and deter-
mining the charge of the product ion.>*> A more direct
approach for determining the charge state of a specific ion is
to determine the m/z spacings between isotope peaks,*® pro-
vided the resolution of the analyzer is sufficient and there is
minimal overlap between signals from ions of different mass
and charge but similar m/z ratio. An alternative approach is to
measure the absolute charge of an individual ion in concert
with the measurement of its m/z ratio, as is accomplished with
charge detection MS*”° and individual ion MS.*°

ESI also generally gives rise to a distribution of charge
states, which spreads the analytical signal among a variety of
peaks. This can limit dynamic range in MS/MS experiments
and can complicate mixture analysis when charge state distri-
butions overlap in m/z-space. It has been demonstrated that it
is possible to selectively inhibit ion/ion reaction rates in elec-
trodynamic ion traps to allow for ions distributed across a
range of charge states to be largely concentrated into a nar-
rower range of charge states in techniques referred to as ion
parking,*! parallel ion parking,”®> or valet ion parking,*?
depending upon the application. Ion parking techniques have
been demonstrated, for example, to be useful for concentrating
ion signals into a single charge state for subsequent MS/
MS,**™*® for quantitation of biotherapeutic proteins,’® and for
inhibiting sequential reactions in electron transfer dis-
sociation studies.’”® To date, ion parking has not been
applied to ions of relatively high m/z values (e.g., >m/z 10 000).
Ions generated under conditions amenable to the preservation
of specific bio-complexes (i.e., under conditions used in the
field of native MS>>7°) are often of relatively high m/z ratios.’”
In this work, we describe and employ a general first-order
model for ion parking in an electrodynamic quadrupole ion
trap using a single supplementary dipolar frequency to inhibit
the ion/ion reaction rate of a selected charge state of an
analyte of interest. Given the practical limitations associated
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with electrodynamic ion traps (e.g, the amplitudes of radio-fre-
quency (RF) voltages that can be applied to the ion trap electro-
des) this model allows for the prediction of the limits of per-
formance of ion parking as the mass of the analyte ion
increases and is therefore highly relevant to ion parking in
native MS. We illustrate predictions arising from the model
with experimental data using ions derived from apo-myoglobin
(mass = 17 kDa), to represent protein ions of relatively low m/z
ratio, and ions derived from the p-galactosidase tetramer
(mass ~ 467 kDa), to represent ions relevant to native MS. Ions
of 2 MDa are also modelled to illustrate ion parking perform-
ance that might be anticipated for species higher in mass than
generally encountered in most native MS studies.

Experimental section
Materials

Lyophilized p-galactosidase powder, purchased from Sigma
Aldrich (St Louis, MO, U.S.A.), was dissolved in HPLC-grade
water purchased from Fisher Scientific (Pittsburgh, PA), and
underwent buffer exchange with 150 mM ammonium acetate
from Sigma Aldrich (St Louis, MO, U.S.A). The solution was
then washed via centrifugation (14 000 ¢ min~', 10 minutes)
eight times with 150 pM ammonium acetate in a Vivaspin®
10 kDa MWCO spin column from Vivaproducts (Littleton, MA,
U.S.A.). The washed solution was diluted in 150 mM
ammonium acetate to a final p-galactosidase concentration of
5 pM. Horse skeletal muscle myoglobin was purchased from
Sigma Aldrich and washed 3 times in a 3 kDa MWCO filter
from Amicon® and diluted to a final concentration of 5 pM in
ultrapure water with 5% acetic acid by total volume. 1H,1H-
Pentadecafluoro-1-octonal (PFO) was purchased from Sigma
Aldrich. A 1 mg mL™" methanolic PFO stock solution was
diluted to 100 uM in a 47.5/47.5/5 methanol/water/ 28-30%
ammonium hydroxide solution. Proton-bound dimers, which
served as proton transfer reagents, are readily generated using
nano-electrospray in the negative mode at m/z 799 for PFO.

Instrumentation

All experiments were performed on a modified 5600 triple
quadrupole/time-of-flight mass spectrometer (Sciex, Concord,
ON, Canada).’® The instrument schematic is provided in
Fig. S1.f A two-emitter® nanoelectrospray (nESI) set-up
enabled the generation of reagent cations and anions that
were transferred alternately to the collision cell (q2) and
mutually stored. One of the emitters was used in the positive
ion mode to generate analyte cations while another emitter
was used to generate singly-charged anions for ion/ion reac-
tions. Mutual storage of cations and anions was enabled by
application of a 298 kHz waveform at 2 V on the aperture
plates at the entrance (IQ2) and exit (IQ3) of the linear ion
trap/collision cell (q2) (Fig. S1f). The q2 collision cell
(inscribed radius = 4.17 mm) was driven by a 1.8432 MHz
power supply with capabilities for auxiliary dipolar AC, for ion
acceleration in the radial dimension, to be superimposed
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across an opposing set of rods. The collision cell is equipped
with “linear accelerator” (LINAC) electrodes to enable the
imposition of an axial DC gradient to encourage ions to move
to the ion trap exit.*

Ions were parked by application of a single frequency AC in
resonance with the fundamental secular frequency of the ion
to be parked (see below). This frequency was calculated using
the m/z of the ion along with the trapping and operation con-
ditions of the quadrupole.

Results and discussion

The ion parking experiment involves the mutual storage of
multiply-charged analyte ions with (usually) singly-charged
reagent ions of opposite polarity allowing for sequential
charge reduction reactions (usually via proton transfer).
Trapping conditions must therefore be maintained that allow
for the mutual storage of the reagent ions along with the
charged-reduced analyte ions that can be far larger in m/z
ratio. Even if the reagent ions are of relatively high m/z, the
highest achievable low m/z cut-off (LMCO) of the quadrupole
array used as the reaction vessel for the ion/ion reaction will
ultimately limit how well ion parking can work at high m/z. In
the following discussion, the principles of ion parking using a
selective form of ion acceleration, referred to as ‘resonance
excitation’,*"** are discussed with emphasis on high m/z ions
relevant to a native MS experiment using the parameters avail-
able with a commercially available quadrupole array (i.e., o =
4.17 mm, Q/2n = 1.8432 MHz, Vigmax = 2469.15 V., for a
LMCO of m/z 450) and charge states of ions of mass = 17 kDa,
467 kDa, and 2 MDa. A general model has been developed for
ion parking using resonance excitation in order to anticipate
limits of performance. A full description of the model along
with its development and underlying assumptions is provided
in ESI.{ Selected equations relevant to the model are included
in the main text along with plots that illustrate key aspects to
understanding ion parking of high mass ions.

Frequency spacing between charge states

From the standpoint of parking a selected charge state from
all others for a given protein, the secular frequency spacing
between adjacent charge states is relevant. The difference in
the fundamental secular frequencies of adjacent charge states
in the absence of a quadrupolar DC field can be estimated by:

\/E(Z -+ 1)€VRF
m;iro2S2

~

AU’O,uz-state =Wouz+1 — Wouz =

B V2zeVrp _ V/2eVip @

mirg22 ~ mry 202

where gy -state 15 the fundamental secular frequency of an
ion of unit charge z, e is the electric charge, @ is the angular
frequency of the drive RF, Vg is the 0-p amplitude of the drive
RF, r, is the inscribed radius of the rod array, u is the x- or
y-dimension, and m; is the ion mass. Note that the units for
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®o,u,z-state are radians/s. Hence, the difference in fundamental
secular frequencies in units of Hz is:

(2)

The masses of the ions in adjacent charge states are not
strictly equal, as they differ by the mass of the species respon-
sible for the charge difference (usually a proton). However, this
mass difference is negligible relative to the mass of a high
mass complex. Fig. S21 shows a plot of Afyystate (€D (1)
and (2)) versus mass for r, = 0.00417 m; Vgg = 2469.15 V,, and
Q/2r = 1.8432 MHz (these values lead to a LMCO of m/z 450),
which illustrates the fact that the frequency difference between
adjacent charge states decreases with the mass of the ion.

AfO,u,z-state = Aw&u,z-state/ZTt

Mechanisms of ion parking

The following part of the discussion describes how trapping
parameters and m/z values of the ions relate to the mechanism
of ion parking using resonance excitation. The basis for ion
parking is the selective inhibition of an ion/ion reaction rate,
Ry, given by:

Ry1 = kc[cations][anions]

(3)

where k. is the rate constant and [cations] and [anions] are the
respective concentrations of the reactant ions that overlap with
one another. The reaction can be inhibited by reducing the
numbers of reactants, reducing the physical overlap of the
reacting ion populations, thereby reducing their effective con-
centrations, and/or by reducing k.. The reduction of ion cloud
overlap has been demonstrated using a dipolar DC potential
across opposing electrodes in a 3-D ion trap®® and by reso-
nance excitation of ions in 2-D*° and 3-D*" electrodynamic ion
traps. The rate constant can be reduced by increasing the rela-
tive velocity of the reactants. Under typical ion trap conditions,
the rate constant for an ion/ion reaction can be approximated
by the Thomson three-body model:**

2 2
Z125€
ke = Vee 1m0 )
1—1Vrel,I-1

in which the v is the relative velocity of the oppositely
charged ions (see ESI eqn (13)f), z; and z, are the elementary
charges of the cation and anion, respectively, and u;; is the
reduced mass of the collision partners (i.e., the anion and
cation). Eqn (4) shows that the rate constant is dependent
upon the squares of the charges of the reactant ions and is
inversely related to the third power of the relative velocity.
Hence, acceleration of one or both of the reactants can, in
principle, result in a marked decrease in the reaction rate con-
stant via its dependence on relative velocity. As the mass of the
analyte ion increases, the reduced mass approaches that of the
reagent ion. In other words, the lighter ion has a much greater
velocity and therefore has a greater influence on relative vel-
ocity. The result is that the relative velocity becomes less sensi-
tive to resonance excitation of the analyte ion as the mass of
the analyte ion increases. For selective rate inhibition, the
analyte ion of the charge state of interest must be accelerated

(4)

This journal is © The Royal Society of Chemistry 2024
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since acceleration of the reagent ion would lead to the dimin-
ution of the reaction rates of all ions.

The average kinetic energy of an ion undergoing resonance
excitation includes both its initial thermal kinetic energy and
the additional kinetic energy resulting from acceleration by
the dipolar oscillatory field. While the latter is determined by
several variables, the maximum kinetic energy, KEn.x, iS
limited by the product of the ion charge and the pseudopoten-
tial well-depth, D,:°>%°

KEmax & zeDy (5)

where D, for a linear electrodynamic ion trap can be approxi-
mated by:*”

quVre
D, = UT (6)
where g, is the dimensionless trapping parameter for an elec-
trodynamic quadrupole ion trap (see ESI eqn (5)f). The
maximum average cation velocity that can be reached before
ion ejection, therefore, can be estimated as:

. [2zeDy
'Vcation‘,max = - (7)
Meation

The above relationship can be used for an estimate of the
relative ion velocities and the average velocity of the reagent
anion (see ESI eqn (15)f) to estimate the maximum relative vel-
OCity, Vrel-1max, fOr €ach analyte charge state that can be
achieved via resonance excitation for a given set of trapping

conditions:
. 8kgT 2zeDy
Vrel,I-1,max = + . (8)
TManion Meation

The ratio of the ion/ion reaction rate constants with and
without resonance excitation can then be estimated by:

5 BkaT

kc,parking _ < Vrel I-1,T > _ Ty 1
kc vrelAlfl,max SkBT ZZEDu
+
TManion Mecation

Given the inverse cubed relationship between the rate con-
stant and relative velocity in relation (4), it is necessary to
increase the relative velocity by a factor of 2.15 in order to
reduce the ion/ion rate constant by a factor of ten. Fig. 1 pro-
vides plots of k“%'ck"‘g vs. z for cations of 17 kDa, 467 kDa, and 2
MDa in reaction with a singly-charged anion of 799 Da (LMCO
= m/z 450). The ke parking values are obtained at KEp,, for the
cation whereas k. values are determined from thermal energy
cations. These curves represent the maximum extent to which
an ion/ion reaction rate constant can be diminished via
manipulation of the velocity of the cation. The plot shows that
it is possible to inhibit reaction rates to below 0.1 of the rate
for an unparked ion on the basis of increased cation velocity
for all charge states of a protein of 17 kDa. In the case of an

3

. (9)
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Fig. 1 Plots of the ratio of rate constants with (ke parking)/Without (k.)
resonance excitation of the analyte ion at the KE,.x value (eqgn (9)) for
each charge-state as a function of z for analytes of 17 kDa, 467 kDa, and
2 MDa.

analyte ion of 467 kDa, charge states of 6 and below cannot
be accelerated to a sufficiently high velocity to lead to a 10-fold
decrease in reaction rate without first being ejected from the
ion trap. In the case of a 2 MDa analyte, the charge state cut-
off for reducing the reaction rate by a factor of 10 is roughly
30". Note that this analysis does not account for the finite size
of the cation cloud (see below), which would lead to significant
ion ejection for ions that approach the average maximum
cation velocity for each of the respective charge states. Hence,
the charge states at which ion ejection would preclude an ion
parking experiment would likely be somewhat higher for the
larger cations included here.

Ion cloud size. As indicated in Fig. 1, the reduction of the
rate constant of an ion/ion reaction via an increase in relative
ion velocity is increasingly difficult as the mass of the analyte
ion increases relative to that of the reagent ion. The other
mechanism for ion rate reduction is to minimize ion overlap
as the cation ion cloud oscillates back and forth. The product
of charge and well-depth, zeD,,, also plays a role in limiting the
extent to which ion overlap can be minimized using resonance
excitation. The ion cloud size in the x-y plane of a linear quad-
rupole ion trap can be estimated using a simple harmonic
oscillator analogy.®®®® The model (see ESI eqn (23)-(26)%)
treats an ion as a harmonic oscillator with a spring constant,
k, that determines the root-mean-squared extent of the ion
cloud in dimension u at temperature 7, uy, i.e.:

ks Try Q2
iy == (u) (10)

ZZ e2 VRFZ

When ur approaches r,, the stored ion cloud begins to
undergo ion evaporation as the high energy tail of the ion
kinetic energy distribution exceeds D,,. Fig. 2 shows plots of ur
at 300 K (LMCO = m/z 450) as a function of z for analytes of
17 kDa, 467 kDa, and 2 MDa.

Analyst, 2024,149, 2966-2977 | 2969
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Fig. 2 Plots of ut versus z for analytes of 17 kDa (grey), 467 kDa
(orange), and 2 MDa (blue).

The ion cloud sizes of the anions and cations in an ion
parking experiment are relevant in establishing the extent to
which they can be separated under resonance excitation con-
ditions. If it is assumed that the ion cloud under resonance
excitation conditions moves coherently and that the clouds of
oppositely charged ions are of sufficiently low densities that
they have minimal influence over each other’s size, the ampli-
tude of the ion cloud oscillation, Ayc, must exceed the sum of
the radii of the cation and anion clouds for complete separ-
ation of the ion clouds:

Axc > UT cation =+ UT anion- (11)

When the sum of the Ayc and wr,cation @approaches ry, reso-
nance excitation will result in cation loss as the cation cloud
begins to contact the rods. Hence, Ayc must be less than the
difference between ry and Ut cation, .€.:

AAC < Iop— UT cation - (12)

For perspective, the uranion for the reagent anion used in
this study (m/z 799), as estimated via eqn (10), is 3.8 x 10> m
at a LMCO of m/z 450 and 1.7 x 10™* m at a LMCO of m/z 100
whereas for singly-charged p-galactosidase (mass ~ 467 kDa),
the ur cation values are 9.1 x 10~* m and 4.1 x 10~ m at LMCO
values of m/z 450 and m/z 100, respectively. (Note that LMCO is
the m/z for which the g-value is 0.908 (see eqn (S5)}) and is
directly proportional to Vi) These values indicate that the
anion cloud size is well within 1 mm over the range of trap-
ping conditions that might be used with the present linear ion
trap. However, at a LMCO of m/z 100, the ion cloud for a 300 K
population of B-galactosidase is estimated to fill the inscribed
area of the quadrupole array. Rapid ion evaporation would be
expected in this case and ion parking would obviously not be
possible. At a LMCO of m/z 450, however, the model suggests
that there would be enough room in the LIT to allow for ion
cloud separation. That is, the maximum Axc that can be used
without ion ejection (from eqn (12)) is 3.26 mm
(4.17-0.91 mm) and the minimum A,c required for complete
ion cloud separation (eqn (11)) is 0.95 mm (0.91 mm +
0.04 mm).
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The preceding discussion suggests that ion parking can be
effected with very high mass ions primarily by reducing ion
cloud overlap via resonance excitation even when increasing
the relative cation velocity is marginally effective. (Note that
Fig. 1 suggests a maximum reduction of k. for 1" of
B-galactosidase, 467 kDa, of 37% on the basis of the increase
in relative velocity.) However, at very low g-values/well-depths,
the cloud size of the high mass ion ultimately limits the extent
to which ion clouds can be separated.

Charge state resolution. Another important figure of merit
of an ion parking experiment is the specificity (or resolution)
with which ion parking can be performed. Given the fact that
the frequency spacings of adjacent charge states are constant
under fixed reaction conditions and that the secular frequen-
cies decrease with m/z, it is of interest to examine the extent to
which off-resonance power absorption by adjacent charges
states might complicate parking ions into a single charge state
of interest. A simple model to examine the effect of the reso-
nance excitation signal on the amplitude of oscillation of ions
of different secular frequencies is based on regarding the reso-
nance excitation experiment in an ion trap as a driven harmo-
nic oscillator with damping. The maximum oscillatory ampli-
tude, Amax,ac, Of @ damped harmonic oscillator with a natural
frequency, @, driven by an external frequency, wac, is given
by:70

aVacze

2
Zromi\/CZwAcz + ((,OACZ — CUOZ)

AmaxAC - (1 3 )

where “a” is a term to account for the fact that the dipolar exci-
tation is applied to round rods rather than to flat plates (a =
0.798 757%), Vjc is the p-p amplitude of the dipolar AC applied
to opposing rods, and c is the term to account for damping
resulting from collisions with a bath gas. Many ion trap model-
ling papers’® base the determination of collision frequency on
polarization theory and usually use the familiar Langevin
formalism. A convenient consequence of the use of the polariz-
ation model is that the collision rate constant is velocity inde-
pendent, which leads to a constant damping factor. However,
the Langevin ion-induced dipole model assumes the ion to be
a point-charge, which is most appropriate for relatively small
ions. However, the sizes of the ions encountered in native MS
generally have cross-sections much larger than those deter-
mined via the Langevin formalism. We therefore have used a
combined hard-sphere + ion-induced dipole model for deter-
mining the collision frequency and assume an elastic model
for momentum transfer. The damping term, c, is determined
from:

m
¢ = Reoll (7?") (14)
mg + Mecation

where m, is the bath gas mass and Ry is the ion/bath gas col-
lision frequency. R.op is taken as the sum of the hard-sphere
collision rate plus the ion-induced dipole collision rate based
on the charge state of the ion,

This journal is © The Royal Society of Chemistry 2024


http://creativecommons.org/licenses/by-nc/3.0/
http://creativecommons.org/licenses/by-nc/3.0/
https://doi.org/10.1039/d4an00242c

Open Access Article. Published on 11 2024. Downloaded on 04/11/25 21:59:18.

Thisarticleislicensed under a Creative Commons Attribution-NonCommercial 3.0 Unported Licence.

(cc)

Analyst

Reoll = NgOh-sVrel I-M + NgO1Vrel I-M (15)

where ng is the bath gas number density, oy is the hard-
sphere cross-section, which can be approximated, or taken
directly, from reported ion-mobility measurements, and oy, is
the Langevin cross-section (see ESI eqn (33)f). The Viem
terms cancels in the Langevin contribution to the collision
rate so that the Langevin rate constant, k;, can replace the
O1Vre1,1-m term in relation (15):

Reon = NgOh-sVrel,I-M + ngkL (16)

The hard-sphere collision rate, on the other hand, is depen-
dent on vy 1-m. For a given charge state of an ion under fixed
trapping conditions, the maximum relative velocity, Vrel 1-m,max
is limited by zeD,, in analogy with the Vi 1max discussed
above (eqn (5)). A similar relationship can be used to approxi-
mate this value using the mass of the bath gas in place of the
mass of the anion:

__ [8ksT 2zeDy 8ksT = /2zeVyp
Vrel,I-M,max = + = +

Ty Meation g Meation0$2
Fig. S31 shows plots of Vel i—mmax versus z for cations of

mass 17 kDa, 467 kDa, and 2 MDa at LMCO = m/z 450. These

\/E@VRF
and a slope of —————,
mey MecationT0£2

(17)

8kgT

plots show an intercept of

which reflects the lower sensitivity of the relative velocity to
cation acceleration as the mass of the cation increases.

The value of c (i.e., the damping factor) is dependent on
Vrel,i-m, Which depends on the amplitude of the resonance exci-
tation voltage. For a given analyte ion, the range of ¢ values,
Cmin O Cmax, can be estimated by determining ¢y, in the
absence of resonance excitation, as estimated by:

SkBT mg
Cmin = | NeOh- + ngk (4 18
e < & ° T M & L> mg + Mecation ( )

which uses the value of the average relative velocity of the ion-
8kgT
M

minimum relative velocity, and determining ¢y at the

maximum extent of resonance excitation prior to ejection from
the ion trap, as reflected by Vrel 1—m,max :

8kgT 2zeVj
Crmax = <ng6h_s< B- 4 \/_RF> + ngkL) (

Mg Mecation roQ

Fig. S471 provides plots of ¢iin and cmax as a function of z
for ions of mass 467 kDa (Fig. S4at) and 17 kDa (Fig. S4bt) at
four nitrogen bath gas pressures (viz., 1, 5, 10, and 15 mTorr).
There is a linear dependence of both ¢y and cpax upon z,
although the slopes differ. In the case of ¢y, the Langevin
cross-section (see ESI eqn (33)f), increases linearly with z
whereas in the case of cnax, the Langevin cross-section and
Vrell-mmax (See eqn (17)) both increase linearly with z resulting

neutral pair at temperature T,

) for vrel,I—MyTy the

Mg )
my + Meation

(19)
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in a larger slope. The difference between cpnin and Cmax
decreases as the mass of the cation increases (compare
Fig. S4a with Fig. S4bt) due to the fact that v, 1\ is less sensi-
tive to resonance excitation as the mass of the cation increases.
Note that the ¢ values are also linearly related to the bath gas
number density, n,, which has a significant impact on the
charge-state resolution single-frequency ion parking (see
below).

The actual cvalue in a given ion parking experiment is
expected to fall within the range bounded by ¢nin and cmax, as
the former estimates the c-value in the absence of resonance
excitation and the latter estimates the ¢-value at the maximum
oscillatory amplitude of the center of the analyte ion cloud
prior to ion ejection. For the simulations shown below, we use
the cmax value, which tends to overestimate the damping factor
and, as a result, tends to underestimate the maximum oscil-
latory amplitude under resonance excitation conditions,
Amax,ac, as predicted by eqn (13). For a given ion and a fixed
set of ion storage conditions, the main experimental variables
available to the analyst to optimize a parking experiment are
Vac, excitation frequency, and bath gas pressure. The bath gas
pressure is an important variable vig its role in determining c.
Fig. 3 compares plots of Ap,ax ac versus the difference between
the excitation frequency, fac, and the ion fundamental secular
frequency, fo, i.e. (fac — fo), at five different bath gas pressures
for a 1" ion of 17 kDa and o}, = 15 nm” (as estimated from a
range of reported cross-sections for apomyoglobin’*) (Fig. 3a)
and a 26" ion of 467 kDa and o}, = 165 nm” (as estimated
from reported for several charge states of
B-galactosidase”®) (Fig. 3b). These ions were selected because
they have similar m/z ratios but different masses, charges, and
on-s values. For each plot, the V)¢ is adjusted to give the same
on-resonance Amaxac for the condition in which Apacac =
Ut,cation T UT,anion- This Vac values represent the minimum reso-
nance excitation amplitude required for separation of the
cation and anion clouds at the relevant pressure. The plots,
therefore, show the extent of off-resonance power absorption
under equivalent parking conditions (i.e., the same extent of
ion cloud separation). The widths of the absorbance profiles
(FWHM in Hz) for the two ions are similar at the same
pressure. The frequency spacings between adjacent charge
states, however, are dramatically different (15.7 kHz for the
17 kDa ions versus 570 Hz for the 467 kDa ions) as the spacing
is inversely related to ion mass (eqn (1), converted to units of
Hz). Hence, the likelihood for off-target ion parking increases
with the mass of the ion.

The plots of Fig. 3 do not strictly indicate off-resonance
power absorption by off-target charge states because the z-state
and c-value of an off-target charge state differ from those of
the target charge state. The oscillatory amplitudes of off-target
charge states due to power absorption from the applied fre-
quency in resonance with the target charge state can be deter-
mined from eqn (13) using the z- and c-values of the off-target
ions and their difference in secular frequency from that of the
target ion. In order to evaluate the potential for significant
parking of adjacent charge states, it is instructive to plot both

values
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Fig. 3 Plots of ion oscillatory amplitude normalized for the minimum
resonance excitation value needed to completely separate oppositely-
charged ion clouds for (A) a 1* ion of a 17 kDa protein and (B) a 26" ion
of a 467 kDa protein versus deviation from the fundamental secular fre-
quency. The insert indicates the background pressure and resonance
excitation amplitude for each curve as well as the FWHM of peak. The
frequency spacing between adjacent charge states under the trapping
conditions used is 15.663 kHz for the 17 kDa protein and 570 Hz for the
467 kDa protein. The location of the frequency of the next higher
charge state for each case is indicated.

the sizes of the ion clouds, as reflected by 2utcation and
2Uranion (S€€ €qn (10)), as well as the oscillatory amplitude due
to resonance excitation of the parked ion and off-resonance
excitation at nearby charge-states. Such a plot for parking the
1* charge state of a 17 kDa protein using resonance excitation
at 200 mV (A) and 300 mV (B) is shown in Fig. 4. The
maximum amplitude of oscillation of the cation cloud, indi-
cated as a red diamond, does not exceed the size of the anion
cloud, the diameter of which is indicated by the green shaded
box, for any charge state except that of the 1" ion that is under-
going resonance excitation for both resonance excitation
amplitudes. The model would therefore predict that it is poss-
ible to park the +1 ion without any significant off-target ion

A 0500 B 0.500
@ Apicac
0.400 == Cation Cloud Diameter 0.400 W
Anion Cloud Diameter Apc,-75~-UT, Cation

o o // e . \\
g 0300 LMCO = m/z 450 g 0.300 é—&—' Loy
< Vi = 2469.15 V, = \ s/
g 0200 r,=0.00417 m 3 0.200 P 4
= Q21 = 1.8432 MHz =
= = VAVAN
E E
£ 0.100 Z 0.100

0.000 |*++{++++ 0.000 **{}f*fi

-0.100 w0100 < =5

Fig. 4 Calculated parking of a 17 kDa 1* protein with (A) 200 mV and
(B) 300 mV of resonance excitation amplitude, pressure = 8 mTorr. Red
dots show maximum oscillatory amplitudes of the ion cloud centers
(ACmax.ac). blue lines represent cation ion cloud diameter (2ut.cation)-
Green shaded region shows the anion cloud diameter (2ut anion). LMCO
=m/z 450; Vg = 2469.15 Vo_p: ro = 0.00417 m; /27 = 1.8432 MHz.

2972 | Analyst, 2024,149, 2966-2977

View Article Online

Analyst

parking of the 2" (or any higher z-state) ion. However, given
that the 1" cation cloud, the diameter of which is shown by the
blue lines, does not fully separate from the anion cloud (note
the overlap in cation and anion clouds) in Fig. 4A suggests that
200 mV is not sufficient to park the 1" ion with optimal
efficiency. At 300 mV, on the other hand, the 1" cation ion
cloud fully separates from the anion cloud at the maximum
oscillatory amplitude (Fig. 4B). Hence, ion parking would be
expected to be relatively efficient at 300 mV.

Fig. 5 shows experimental ion parking data for the 1" apo-
myoglobin ion under conditions in which virtually no 2" ions
(m/z 8475) remain in the absence of parking. In order for all of
the 2" ions to react, a large majority of the ions must be neu-
tralized.”® When 200 mV dipolar waveform at 15.66 kHz, the
secular frequency of the 1" ion, was used to park the 1" charge
state, a roughly 2.5-fold increase in the 1" ion signal was
observed whereas a 300 mV, 15.66 kHz resonance excitation
waveform signal was used to ion park the 1' charge state, a
roughly 10-fold increase in signal, relative to no parking, was
observed. At 100 mV, no significant increase in the 1" signal
was observed and at amplitudes greater than 300 mV, little to
no further increase in the 1" signal was noted (data not
shown). These experimental results are in qualitative agree-
ment with the simulation in that at least some ion parking is
observed at 200 mV whereas the maximum observed extent of
ion parking was noted at 300 mV. Note that at least some reac-
tion rate reduction might be expected to take place due to the
increase in the relative velocity of the reactant ions (see Fig. 1),
although KE,,.« is not reached at either 200 or 300 mV. Note
also that there is no evidence for off-target ion parking of the
2" charge state under either set of ion parking conditions,
which is also consistent with the model (Fig. 4).

The simulations of Fig. 3 clearly show broadened absorp-
tion profiles at high pressures but the frequency spacing
between adjacent charge states for the 17 kDa protein is
sufficiently high that little off-target ion parking would be
expected. However, with the much smaller frequency spacing
between adjacent charge states for the 467 kDa protein, the

. 1* Myoglobin 1* Parking
f\ 0 mV Parking
Vi ) C J|
“ 300 mV Parking (10x Increase in 17 Signal)
z |
Z
8
E] LMCO = m/z 450
= Ve = 246915V,
E r,=0.00417 m
Q/2n=1.8432 MHz
o2 e
8,000 10,000 12,000 14,000 16,000 18,000
Fig. 5 lon parking of myoglobin 1* with different resonance excitation

amplitudes. A 2.5x increase in 1* signal with 200 mV excitation and 10x
increase with 300 mV excitation. Pressure setting: CAD pressure level = 8.
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Fig. 6 lon parking experiment for B-galactosidase. (A) Pre-ion/ion

B-galactosidase signal, (B) p-galactosidase undergoing proton transfer
via ion-ion reaction with PFO anions without ion parking, (C) 250 mV of
parking amplitude applied to p-galactosidase 26*. (Inset)
B-galactosidase 26" parking at different pressures.

extent of off-target ion parking is expected to be increasingly
likely over the pressure range modelled in Fig. 3. Fig. 6 illus-
trates an ion parking experiment for the 26' charge state of
B-galactosidase with the pre-ion/ion reaction mass spectrum
(A), a post-ion/ion reaction spectrum without parking (B), and
a spectrum resulting from ion parking of the 26" charge state
(C). Roughly 90% of the summed intensities of the pre-ion/ion
reaction charge states appears in the 26" charge state after
parking. The pressure in q2 is adjustable via software control
(CAD pressure level) but is not read directly. A CAD pressure
level of 6 is estimated to be roughly 4 mTorr.”” The results in
Fig. 6 were collected at a CAD pressure level of 15. The inset
shows the parked region at CAD pressure levels of 2 and 8,
respectively. At CAD pressure level 2, it is possible to park the
26" ion using a 60 mV amplitude with very little evidence for
off-target parking of the 27" ion. Some ‘leakage’ to lower
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Fig. 7 Simulated parking amplitudes of different charge states while
parking p-galactosidase 26™ at (A) 3 mTorr with 60 mV and (B) 8 mTorr
with 150 mV. Approximately the same total ion displacement for the
intended parked ion is possible under different pressures and parking
amplitudes, but more amplitude is required in B since it has a higher
pressure, and therefore more off-resonance excitation of adjacent
charge states.

This journal is © The Royal Society of Chemistry 2024

View Article Online

Paper

charge states is observed, as expected since reactions can
occur as the oppositely-charged ion clouds pass through one
another. At CAD pressure level 8, however, a higher amplitude
is required for parking (150 myV, in this case) which leads to
evidence of off-target parking of the 27" charge state. The data
collected at CAD pressure level 15 shows the highest degree of
off-target parking of the 27" ion.

Fig. 7 shows results of the model for parking the 26" charge
state of p-galactosidase at pressures of 3 and 8 mTorr. While
there is uncertainty regarding the pressures associated with
the CAD pressure levels, the simulation shows that at a q2
pressure of 3 mTorr and 60 mV resonance excitation, it is poss-
ible to completely remove the oppositely-charged ion clouds at
the maximum cation oscillatory amplitude while significant
overlap remains for the 27" ion. However, for a similar
maximum oscillatory amplitude for the 26" ion at 8 mTorr, a
resonance excitation amplitude of 150 mV is required, which
leads to separation of the 27" ion from the anion cloud at
maximum oscillatory amplitude. Hence, a degree of off-target
ion parking might be expected.

Conclusions

In this report, we introduce a qualitative forced-damped har-
monic oscillator model for gas-phase ion parking using single-
frequency dipolar resonance excitation and apply it to ions
with masses and charges relevant to native mass spectrometry
using trapping conditions accessible with a commercially avail-
able linear quadrupole ion trap. A number of conclusions can
be drawn from the model as well as experiments conducted to
evaluate the model. Notable points include:

« Ion parking can occur due to the effect of an increase in
ion/ion relative velocity, which affects the rate constant, and/or
by separation of ion clouds, which affects ion/ion overlap. As
the mass of the analyte ion increases, the effect of resonance
excitation on relative velocity decreases due to the fact that it is
increasingly difficult to increase relative velocity by accelerating
the heavy particle. Hence, for high-mass ions often encoun-
tered in native mass spectrometry, ion parking due to decreas-
ing the rate constant may not be effective, particularly at low
charge states (see Fig. 2).

« Ion cloud separation due to resonance excitation can still
give rise to effective ion parking even when the rate constant is
not significantly altered by ion acceleration. Ion cloud separ-
ation reduces the effective concentrations of the reactant ions.

« The oscillatory amplitude of the parked ion must be
sufficiently high to give rise to partial or full separation of the
positive and negative ion clouds but low enough to avoid col-
lisions with the electrodes. As the radius of the analyte ion
cloud increases, the window of amplitudes between the
minimum needed for parking and the maximum before neu-
tralization at the electrodes becomes increasingly narrow as
the ion m/z increases. Hence, ion cloud size is the factor that
ultimately limits ion parking at high mass.
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« The ability to park a selected charge state without
affecting nearby charge states is determined both by the fre-
quency spacing between charge states and the line shape of
the power absorption profile (i.e., the oscillatory amplitude as
a function of excitation frequency). The frequency spacing
between charge states in the charge state distribution of a
given species is essentially constant under a fixed set of
storage conditions and decreases with the mass of the species.
Hence, frequency spacings between adjacent charge states
decrease as the analyte mass increases.

» The power absorption profile for an ion undergoing reso-
nance excitation is broadened by collisional damping in the
ion trap. Hence, for a given ion of fixed mass and charge, the
collision cross-section and pressure in the trap (as well as the
mass of the background gas) have a significant effect on the
resolution with which a selected charge state can be parked
without also reducing the reaction rates of nearby charge
states.

While the model described here makes a number of simpli-
fying assumptions, it predicts experimental behavior semi-
quantitatively and can be useful in anticipating optimal con-
ditions from establishing an ion parking experiment for ions
of relevance to native mass spectrometry given the accessible
experimental conditions in the ion trap. It also points to strat-
egies involving changes to ion storage conditions, such as the
use of lower drive frequencies and lower pressures, that can
lead to smaller cloud sizes and lower off-target power
absorption.
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